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How is sexual conflict during reproduction resolved when parents collaborate to rear offspring? A new study shows that female burying beetles communicate their hormonal status to their male partners to avoid costly superfluous mating, using an anti-aphrodisiac pheromone.
Parental care is an altruistic trait [1, 2] : it is beneficial to offspring because it increases fitness, but is costly to parents because providing care uses up resources that parents would otherwise allocate to future reproduction [3] . What mechanisms determine how much care parents should provide in each breeding attempt and when they should invest in further breeding opportunities? A new study by Engel et al. [4] addresses this fundamental question and shows how this important trade-off is hormonally regulated in an insect with extended parental care. Across the animal kingdom, females typically provide more care than males. Even in species in which both sexes look after offspring, the amount of care males provide tends to be more variable, both within and between species [5] . This difference in sex roles is generally thought to be a consequence of differences in the strength of sexual selection and certainty of parentage between the sexes. Sexual selection is typically stronger in males than females: males have a greater potential for increasing reproductive success through attempting to gain additional mating opportunities than females, and the benefits of providing care are often lower for males [5, 6] . As a result, even in species with biparental care, selection pressures differ between males and females, although parents still have to coordinate activities to provide care. By what mechanism is this achieved? Engel et al. [4] used Nicrophorus vespilloides burying beetles to address this question.
Burying beetles have extended parental care that resembles that provided by birds: they feed their dependent young, provisioning their offspring with vertebrate carrion that they have processed and buried underground [7, 8] . Larvae beg to be fed by parents using tactile stimulation (touching the parents with their legs) and the parents respond by regurgitating the processed carrion (typically the carcass of a small mammal, such as a mouse) to their offspring [7, 8] . Unusually for invertebrates, male burying beetles provide significant amounts of care, and biparental care is common. However, even when providing care as a pair, female burying beetles do the majority of the work, and there are often quite distinct sex roles. Mothers provide most of the direct care (provisioning offspring) and fathers provide most of the indirect care (maintenance of the carcass to combat microbial competitors, for example), although both sexes can and do perform all parental care tasks [7] [8] [9] [10] [11] .
Male burying beetles provide parental care but are less committed caregivers than females [10] , and are generally more concerned about mating than tending offspring [11] . One of the main reasons for this is uncertainty about paternity [8, 11] . Female burying beetles, as in many organisms, mate with multiple males. In particular, females will mate before they have found a source of carrion to breed on ( Figure 1 ). This ensures that a female can breed immediately if she finds a dead mouse or other suitable carcass. However, if a male locates a suitable carcass first, he must signal using pheromones to attract a female for mating. This can also attract rival males, who may mate with any females present. A caring male's response to this uncertainty is to mate more frequently with his partner in order to increase his paternity share, both in the current brood (by mating with his partner before she lays eggs) and in potential future broods (by mating with his partner during or after the current breeding attempt, before she flies off to look for more carrion). However, although lots of sex may be good for males, it is not necessarily good for females. There is no benefit to females of mating more than twice (in terms of her fertility) [12] and, furthermore, mating at high frequencies reduces the ability of females to provide parental care [13] . Too much sex is therefore likely to be costly for mothers during parental care, so superfluous mating should be avoided if possible. Male burying beetles largely stop mating with their partner during peak offspring provisioning [14] . Previous work also showed that breeding females release a volatile chemical, methyl geranate, thought to be involved in partner recognition [15] . Engel et al. [4] therefore hypothesised that methyl geranate might be a chemical signal of hormonal state that coordinates sexual activity of both males and females during parental care and resolves the sexual conflict over mating.
Engel et al. [4] first demonstrated that female fertility was suppressed when providing parental care. Then they showed that juvenile hormone III (JH), which is produced by mothers engaged in parental care, and methyl geranate were functionally linked by injecting a deuterium-labelled precursor of JH, geranyl pyrophosphate, into females that were rearing young larvae. These females were subsequently shown to emit deuterium-labelled methyl geranate, and there was found to be a close relationship between the emission of methyl geranate and the production of JH, with both peaking during offspring provisioning. Furthermore, methyl geranate emission was closely related to the probability of egg laying. Together, these results indicate that methyl geranate is a reliable reflection of the hormonal (and therefore, reproductive) state of females.
Given the potential costs to mothers of too much sex, could females use methyl geranate to signal their reproductive state to males and convince them to put sex on the backburner during parental care? Use of gas chromatography with electroantennographic detection showed that male antennae responded to synthetic methyl geranate, and behavioural experiments demonstrated that females with lower amounts of methyl geranate had higher mating rates than females with higher amounts of methyl geranate. This confirmed that males Mating can be costly during the provision of parental care, and females release methyl geranate, a pheromone that acts as an anti-aphrodisiac to put males off [4] . Photo by Jena Johnson.
responded to methyl geranate emission by modifying their behaviour; but was there evidence that this pheromone evolved as a deterrent to over-amorous males or for recognition of partners [15] ? A neat final experiment to address this question exploited knowledge of a facet of the beetle's natural history: if given a large enough carcass, two females will both breed on the same resource. As predicted, mothers breeding with a male partner emitted substantially higher amounts of methyl geranate than mothers breeding with another female. This confirmed that the main function of methyl geranate is as an anti-aphrodisiac.
There are two key findings from this research. The first is that female fertility is temporarily reduced during offspring provisioning, which is hormonally mediated by JH. The second is that, during this period of parental care, mothers signal their hormonal status to their male partners, who respond by largely abstaining from sex. As Engel et al. [4] explain, the first result is analogous to the situation in mammals, for which prolactin has a similar suppressive effect on fertility, and may be a general pattern in non-seasonal breeding animals that provision their offspring. The second finding has some important potential implications for our understanding of patterns of parental care and, in particular, the evolution of family life.
Why should males respond to the hormonal signal produced by females during offspring provisioning by reducing mating? First, since female fertility is reduced, there seems little benefit to be gained from mating. In addition, there may be costs of ignoring this signal, as mating could reduce the ability of females to provide care [13] . Given that females provide the majority of parental care in burying beetles, mating during this time could decrease current male reproductive success without increasing his future success [11] . Instead, there are likely to be benefits of waiting to mate until after peak care of offspring. By doing so, the male can ensure the female is fully laden with his sperm before she sets off to look for further breeding opportunities. This pattern of mating, precipitated by females signalling their reduced fertility to their partners, is likely to have some important consequences for the co-evolution of male and female parental care: switching off the male's mating drive may have helped increase the probability that he would engage in parental care. Female production of methyl geranate may effectively be a hormonal incentive for males to provide care whilst sticking around to protect their paternity (for example, [11] ). Has sexual conflict over mating driven the evolution of a hormonally mediated signalling system that reduces the costs of mating to females and increases the benefits of sticking around for males, facilitating the co-evolution of male and female parental care?
The current paper [4] certainly illustrates the importance of sexual conflict over mating in the evolution of family life. A single hormonal pathway links the regulation of both male and female behaviour during reproduction, despite the differences in selection pressures on males and females. What is even more fascinating is that offspring behaviour may have a critical role in the regulation of male sexual behaviour via hormonal effects on their mother. Mothers who were provisioning offspring had higher expression of genes associated with JH synthesis, but lower expression of genes involved in the degradation of JH, than mothers without offspring. In addition treatment of females using an analogue of JH called pyriproxyfen resulted in a reduction in productivity compared with untreated females, showing that high JH levels reduce egg production. These results indicate that it was the behaviour of the larvae that helped stimulate high levels of JH in caring mothers, and suppressed fertility [4] . Since the levels of the anti-aphrodisiac methyl geranate are closely linked to the production of JH, this effectively means that the more demanding the kids are of their mother, the less amorous is their father. Offspring can exploit the fact that their mother can avoid potentially costly sex by giving them more care. So perhaps it's the offspring who ultimately regulate burying beetle family life and not the parents.
